Transport stress affects the animal's metabolism and psychological state. As a pro-survival pathway, the heat shock response (HSR) protects healthy cells from stressors. However, it is unclear whether the HSR plays a role in transport stressinduced heart damage. To evaluate the effects of transport stress on heart damage and HSR protection, newly hatched chicks were treated with transport stress for 2 h, 4 h and 8 h. Transport stress caused decreases in body weight and increases in serum creatine kinase (CK) activity, nitric oxide (NO) content in heart tissue, cardiac nitric oxide syntheses (NOS) activity and NOS isoforms transcription. The mRNA expression of heat shock factors (HSFs, including HSF1-3) and heat shock proteins (HSPs, including HSP25, HSP40, HSP47, HSP60, HSP70, HSP90 and HSP110) in the heart of 2 h transport-treated chicks was upregulated. After 8 h of transport stress in chicks, the transcription levels of the same HSPs and HSF2 were reduced in the heart. It was also found that the changes in the HSP60, HSP70 and HSP90 protein levels had similar tendencies. These results suggested that transport stress augmented NO generation through enhancing the activity of NOS and the transcription of NOS isoforms. Therefore, this study provides new evidence that transport stress induces heart damage in the newly hatched chicks by blocking the cytoprotective HSR and augmenting NO production.
INTRODUCTION
The transport of animals has become a topic of much public discussion because of its associations with animal welfare, food safety, marketing and trade barriers (Gonzalez et al., 2012) . In the modern poultry industry, newly hatched chicks are unavoidably transported from the hatching to the rearing foster. Long-duration transportation has been reported to result in physiological and metabolic changes (Zhang et al., 2009; Yue et al., 2010; Xing et al., 2017) . More importantly, transport stress also causes higher chicken mortality and live weight loss (Mitchell and Kettlewell, 1998) which result 2001). HSF1 and HSF3 are involved in regulating HSPs in response to heat stress, whereas HSF2 was involved in HSP regulation in unstressed cells (Leppa and Sistonen, 1997) . HSF1 expression can be regulated by binding HSP70 or HSP90 protein, but also by binding the promoter HSF in the regulation of the expression of HSPs (Trinklein et al., 2004) . However, it is unclear whether HSR plays a role in transport stress-induced heart damage in newly hatched chicks. The aim of the study was to evaluate the effects of transport stress on heart damage and HSR protection in newly hatched chicks.
MATERIALS AND METHODS
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Northeast Agricultural University.
Animals and Treatment
The transport stress models of newly hatched chicks were employed based on Dadgar and Wan's experiments (Dadgar et al., 2012; Wan et al., 2014 Wan et al., , 2016 Ge et al., 2017) . Briefly, 120 female newly hatched chicks (HyLine Variety White; Xianfeng Farm, Harbin, China) were divided into the Control and Transport groups. Chick transport crates were employed during the transport stress. A separate crate was used for each replicate group (three Control groups and three Transport groups). Before the start of the experiment, the chicks were weighed. The chicks in the transport groups were transported on an electric cradle (50 rpm; swinging back and forth; 28
• C; relative humidity, 50%) for 2 h, 4 h and 8 h. The chickens in the control groups were placed on an electric cradle (0 rpm; 28
• C; relative humidity, 50%). During the entire experimental period, food and water were not supplied to the animals during transportation. At the end of the experiment, the chicks were also weighed. Next, 20 chicks in each group were euthanized with carbon dioxide after transport stress. They were slaughtered immediately via exsanguination of the jugular vein with bistoury, and the heart tissues from each chick was collected. Whole blood was centrifuged at 2500 g for 10 mins to obtain serum. Heart tissues were extirpated immediately on an ice-cold plate and were washed in physiological saline solution. The tissues and serum were stored at −80
• C for subsequent tests.
Determination of Serum Creatine Kinase (CK) Activity
CK was analyzed using commercial kits (A032; Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China). The measurement was performed using the RT-9200 semi-automatic biochemical analyzer (Rayto Life and Analytical Sciences Co., Ltd. ShenZhen, P.R. China).
Determination of the Protein Content
The protein content of homogenate was measured using a protein quantitative detection kit (A045-2; Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China). Bovine serum albumin (BSA) was used to construct the standard curve.
Determination of NO Content and NOS Activities of Heart Tissue
Nitric oxide (NO) is an important gas signaling molecule and effector molecule that acts as a second messenger involved in many biological effects and physiological pathologies. The tissues were homogenized according to the manufacturer's instructions and used to determine the NO content (A012; Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China) and nitric oxide synthase (NOS) activity (A014-2; Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China). The NOS Activity Detection kit measures inducible NOS (iNOS) activity (A014-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China) and total NOS (TNOS) activity. The constitutive NOS (cNOS) activity was calculated by subtracting iNOS from TNOS.
RNA Purification and Quantitative Real-Time (RT) PCR
Total RNA was isolated from 50 mg of heart tissue according to the manufacturer's instructions (RNA out reagent; Beijing Tiandi, Inc., Beijing, China), and then, RNA concentration was determined using the spectrophotometer (GE Healthcare Life Sciences, Marlborough, MA), with 260/280 ratios of 1.9-2.1 considered acceptable. Total RNA (1.0 μg) was reverse transcribed for qRT-PCR according to the manufacturer's instructions (One-Step gDNA Removal; Beijing TransGen Biotech Co. Ltd., Beijing, China). The final cDNA samples were then used for qRT-PCR.
Primers for qRT-PCR were designed using Oligo 7.22 Software (Molecular Biology Insights, Cascade, CO) based on the deposited sequences in GenBank (Supplemental Table S1 [see the online version of the article at http://journalofanimalscience.org]). Genespecific qRT-PCR primers were screened by PCR reactions against reverse-transcribed cDNA working stocks followed by gel electrophoresis to confirm the expected fragment size. The qRT-PCR was performed using GoTaq qPCR Master Mix (Promega Corp., Madison, WI) in the Roche480 system (Roche Molecular Systems, Inc., Basel, Switzerland). The qPCR reactions were run in triplicate in a 96-well format using a standard (1∼2 hours) amplification protocol. Following PCR, the resulting amplification curves were then further analyzed by the established 2 −ΔΔCt method wherein Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin were used as the reference genes.
Western Blot for HSP90, HSP70 and HSP60 in Heart Tissues of Chicks
Western blotting was utilized to detect the relative protein levels of HSP90, HSP70 and HSP60. Frozen heart tissues (50-100 mg) were homogenized at low temperature and were then placed in lysis buffer (Beyotime Institute of Biotechnology, Shanghai, P.R. China) supplemented with a 1:100 volume of Phenylmethanesulfonyl fluoride (PMSF). Homogenates were centrifuged at 15,000 × g for 5 mins to collect the supernatants. Equal amounts of cardiac proteins were separated by SDS-PAGE (12% polyacrylamide) and were electrophoretically transferred to nitrocellulose membranes (Biosharp, Hefei, P.R. China). After non-specific binding sites were blocked with 5% skim milk, the blots were incubated with an antibody against HSP90 (1:800), HSP70 (1:1000), HSP60 (1:1000) and GAPDH (1:1000) (AB-M-M001; Hangzhou Goodhere Biotechnology Co., LTD, Hangzhou, P.R. China). Polyclonal antibody production (HSP60, HSP70 and HSP90) was kindly performed by Professor Shi-Wen Xu, Northeast Agricultural University, Harbin, P.R. China. The primary antibodies were subsequently localized with goat anti-rabbit IgG conjugated with horseradish peroxidase (ZSGE-BIO, Beijing, P.R. China). Horseradish peroxidase activity was detected with a chemiluminescent kit (Beyotime Institute of Biotechnology, Shanghai, P.R. China). The intensities of the bands were quantified by Amersham Imager 600 (GE, Switzerland) and the band density was determined by ImageJ software (National Institutes of Health, USA). The protein bands were visualized with an enhanced chemiluminescence system. The intensities of the bands were quantified by Amersham Imager 600 (GE Healthcare, Pittsburgh, PA).
Statistical Analysis
The data were analyzed statistically using GraphPad Prism 5.1 (GraphPad Software, Inc., La Jolla, CA) and SPSS 17.0 Windows (SPSS, Inc., Chicago, IL). All of the data are presented as the means ± SD. One-way ANOVA with a post-hoc test was used to elucidate significant differences. Asterisks indicated statistically significant differences compared with the Control group, * P < 0.05, * * P < 0.01 and * * * P < 0.001. The heat map was plotted using the R Programming Language version 3.3.0. The source code of the heat map package was slightly modified to improve the layout and add some features; the R function plots were used.
In addition, principal component analysis (PCA) was used as an effective tool for simplifying the information from inter-correlated variables through linear transformation of the original variables into a few principal components. PCA was performed in this work to define the most important parameters that could be used as key factors for individual variations using the same software. The observed relationships among the parameters were confirmed and quantified according to Spearman's test.
RESULTS

Effect of Transport Stress on Body Weight Loss and Heart Function
The chicks were allocated randomly to the experimental groups. Initially, the average weight was 42.7 ± 1.33 g, and there were no significant differences in the initial group weights. The change of the body weight is shown in Figure 1A . The chicks had a significant decreased body weight after 2 h and 4 h of transport stress compared with the Control (P < 0.01). To investigate heart function, the CK activity in the serum of the chicks was measured ( Figure 1B ). The CK activities were significantly increased in the 4 h and 8 h transport group compared with those in the Control (P < 0.05 and P < 0.001), suggesting heart injury in the transport-treated chicks.
Effect of Transport Stress on Nitric Oxide Production
To study the response of NO generation to transport stress, the NO content and NOS activity in the heart of chicks was tested. Effects of NO production in the heart after transport treatment are shown in Figure 2A -D. Compared with Control, the content of NO increased in the transport-treated chicks (P < 0.05 and P < 0.001) (Figure 2A ). The activities of TNOS and iNOS in the transport-treated chicks were higher than Control group, especially at 8 h (P < 0.01 and P < 0.001) ( Figure 2B-C) . The activities of cNOS in the heart of chicks were significantly increased after 4 h transport treatment (P < 0.05), but the differences did not reach statistical significance at 2 h and 8 h ( Figure 2D ).
To clarify whether the change of NO production is due to an increased transcription of NOS isoforms, the mRNA expressions in heart were assayed. Effects of transport stress on the mRNA expressions of NOS in the hearts were presented in Figure 2E -G. The mRNA expression of the neuronal NOS (nNOS) was significantly elevated after 2 h transport treatment (P < 0.001), compared with Control ( Figure 2E ). However, the mRNA expression of nNOS was significantly decreased at 4 h and 8 h (P < 0.001) ( Figure 2E ). The mRNA expressions of the endothelial NOS (eNOS) and the inducible NOS (iNOS) were significantly increased after 8 h transport treatment (P < 0.01 and P < 0.001), compared with Control ( Figure 2F-G) . These results (cNOS); (E-G) The relative mRNA levels of neuronal NOS (nNOS), iNOS, endothelial NOS (eNOS). Values were expressed as the mean ± SD. Symbols for the significance of differences between the transport stress group and control group: * P < 0.05, * * P < 0.01 and * * * P < 0.001.
indicated that the response of NO generation to transport stress was activated.
Effect of Transport Stress on Heat Shock Response
To investigate whether transport stress activated HSR in chick hearts, the transcription of HSF and HSPs was tested by qRT-PCR. The mRNA expression levels of HSF1, HSF2 and HSF3 in chick hearts are shown in Figure 3A -C. The mRNA expression levels of HSF1 and HSF3 were significantly increased after 2 h and 8 h transport treatment (P < 0.05 and P < 0.001), but were significantly decreased at 4 h (P < 0.05 and P < 0.01), compared with those of the Control. The mRNA expression levels of HSF2 were significantly increased after 2 h and 4 h transport treatment (P < 0.001), but they were significantly decreased at 8 h (P < 0.001), compared with those of the Control.
A heat map showing the mRNA expression of the 9 HSPs in chick hearts presented a unique transcriptional response to transport stress ( Figure 3D ). According to the inspection of the resulting diagram, the mRNA expression levels of two HSPs (HSP10 and HSP27) were increased, and six HSPs (including HSP60, HSP110, 
HSP70, HSP47, HSP90, HSP25)
were decreased in the 8 h transport group. The mRNA expression levels of HSP27 and HSP10 in the 8 h transport-treated group were significantly upregulated (P < 0.001) compared with those of the Control group (Supplementary Figure S1 . A-B). The mRNA expression levels of HSP60, HSP70 and HSP90 in the hearts of chicks were significantly increased after 2 h transport treatment (p < 0.001), but they were decreased at 4 h and 8 h (P < 0.001), compared with those of the Control group (Supplementary Figure S1 .
D, F and H).
The mRNA expression levels of HSP110, HSP47 and HSP25 in the 8 h transport-treated group were significantly downregulated (P < 0.001) compared with those of the Control group (Supplementary Figure S1 . E, G and I).
Effect of Transport Stress on the Expression Levels of HSP60, HSP70 and HSP90
To determine the effect of transport stress on the expression levels of HSP60, HSP70, and HSP90, the protein levels were tested by Western blotting ( Figure 4A ). The protein levels of HSP60, HSP70 and HSP90 in the hearts of chicks were also significantly increased after 2 h transport treatment (P < 0.05 or P < 0.001), but they were significantly decreased at 4 h and 8 h (P < 0.001), compared with those of the Control group (Figure 4 B-D) . These results revealed that the rapid response of HSPs to transport stress was activated in chicks.
PCA of the Heat Shock Response to Transport Stress
PCA was used to evaluate the correlation patterns of the observations and variables. To evaluate the protective HSR to transport stress in the chick heart and explore the targeted pathways, analysis of the HSR relative gene expression in the heart was performed. PCA plots based on the gene levels in the heart were constructed for the different treatment groups, and the results are depicted in Figure 5 . We used PCA to define the most important parameters that could be used as key factors for individual variations. All of the 
DISCUSSION
Transport stress can lead to huge economic losses in the animal industry because of stress-induced tissue injuries, animal mortality, and animal product decline (Warriss et al., 2005) . Transport stress affects the animal's metabolism and psychological state (Zhang et al., 2009; Yue et al., 2010; Li et al., 2017; Xing et al., 2017) . Transportation between the hatching to the rearing foster is inevitable in poultry. However, studies on the effects of transport stress on newly hatched chicks are lacking. In this study, body weight loss and heart damage in newly hatched chicks were observed during the transport stress period. The transport-induced heart damage is associated with HSR and NO production.
Transport stress has a great influence on animal production as well as on human life. It may induce physiological changes leading to the reduction in the animal's product and product quality. Transport stress induces jejunum tissue and myocardial injury in rats (Wan et al., 2014 (Wan et al., , 2016 . CK is mainly distributed in cardiomyocytes where it causes pathological damage, and the metabolic enzyme in cardiomyocytes will be released into the blood. The activity of CK in serum will elevate rapidly. During the transport stress of animals, CK has been used as an index of injury, and high levels of physical activity or other damages. Transport stress has been shown to increase CK activity in broilers (Yu et al., 2008) and turkeys (Nicholson et al., 2000) . Consistent with previous studies, this study demonstrated that the serum CK activity in newly hatched chicks was significantly elevated following transport stress (Nicholson et al., 2000; Yu et al., 2008) . These data suggest that the heart function in newly hatched chicks was affected during transport stress.
NO as a signaling molecule plays an important role in many biological and cytotoxic effector molecules. It regulates vascular hemostasis, the peripheral immune response, and hematopoiesis by modulating signaling and gene expression. The NO generation response could be stimulated by stressors such as local heating and cold exposure. NO is a highly reactive and unstable free radical gas that produces NOS by the oxidation of L-arginine and NADPH as an electron donor to citrulline. The NOS isoforms include nNOS, iNOS and eNOS. Both nNOS and eNOS are constitutively expressed in the cardiovascular system (Yadav et al., 2016) . The eNOS was mostly found in coronary vascular and endocardial endothelial cells, and it has a protective effect on myocardial cells. The nNOS plays an important role in the myocardial sarcoplasmic reticulum, mitochondria, the Golgi apparatus and sarcolemmal membrane (Xu et al., 1999; Burkard et al., 2010) . Although the iNOS may be induced under certain stress conditions and is normally not expressed in the myocardium, it was considered to be deleterious to the heart (de Belder et al., 1995) .
In the cold condition, the expression of NOS isoforms was significantly increased (Yadav et al., 2016) . Heat stress significantly increased the activities of cNOS and iNOS. It was reported that the mRNA levels of iNOS was significantly increased in the heart tissue of chicken in cold ambient conditions (Zhao et al., 2013) . The mRNA expression levels of eNOS and iNOS were significantly increased in broiler chickens under the stress conditions (Teshfam et al., 2006) . In this study, transport stress induced the increase in the NO content and NOS activity (TNOS and iNOS) in the heart of newly hatched chicks. The expression levels of iNOS and eNOS in the chick heart were increased by transport stress. These results were consistent with previous studies (Teshfam et al., 2006; Zhao et al., 2013; Yadav et al., 2016) . Transport stress increased NO production in the heart of newly hatched chicks via enhancing the NOS activities and transcription of NOS isoforms. High levels of NO in myocardial cells can cause great harm (Bailey et al., 2007) . Hence, the alteration of NO production might play an important role in heart damage in newly hatched chicks during transport stress.
HSPs are involved in various stress responses, and the induction of HSPs depends on the specific activation of HSFs, which bind heat shock elements (HSEs) to activate HSPs (Akerfelt et al., 2010; Stephanou and Latchman, 2011; Yadav et al., 2016; Xing et al., 2017) . Under the heat stress conditions, HSF1 regulates HSP expression more efficiently in chicken tissues (Fujimoto and Nakai, 2010) . Recent studies have shown that HSF1 participates in the negative feedback regulation of HSP90 and HSP70 in HSR (Ali et al., 1998; Shi et al., 1998; Akerfelt et al., 2010) . Transport stress in pigs has also demonstrated that HSP70 expression may be regulated by HSF1 (Zhang et al., 2012; Xing et al., 2017) . In the present study, the results were similar to those of previous studies. The expression levels of HSF1 in the heart of newly hatched chicks were increased by transport stress, and the expression levels of HSP70 and HSP90 were decreased. The results suggested that the increase in HSF1 expression could restrain the transcription of HSP70 and HSP90 in the heart of transport-treated newly hatched chicks.
HSF2 has been regarded as functionally distinct from the stress-activated HSF1 because no stress-related role for HSF2 was identified in initial studies where this role was attributed to HSF1 (Sistonen et al., 1992 (Sistonen et al., , 1994 . During heat shock, HSF1 and HSF2 have a strong mutual regulation (Alastalo et al., 2003; He et al., 2003) . HSF2 can enhance the HSF1-mediated transactivation reaction (He et al., 2003) . HSF1 and HSF2 can regulate the common role of HSP genes, such as HSP110, HSP40 and HSP25. Therefore, there is a functional relationship between HSF1 and HSF2 (Ostling et al., 2007) . In the present study, the expression of HSF2 in the heart of newly hatched chicks was decreased by transport stress. As a result, transport stress restrained the expression of HSPs (HSP60, HSP110, HSP70, HSP47, HSP90 and HSP25) in the heart of newly hatched chicks. However, the increase in HSF1 and HSF3 in the heart of the transport-treated newly hatched chicks led to the upregulation of HSP10 and HSP27.
HSF3 is expressed predominantly in poultry, primarily in the brain and eye lens of chicks (Nakai et al., 1997 (Nakai et al., , 1999 Inouye et al., 2003; Min et al., 2004) . HSF3 inhibits the HSP70 expression via binding to p53 tumor suppressor transcription factors in the tumor suppression response (Tanikawa et al., 2000) . In the present study, the transport stress-induced inhibition of HSP70 in the heart of newly hatched chicks might be attributed to the decrease in HSF3 and HSF1 expression. Therefore, the synergistic effects of HSF1, HSF2 and HSF3 played an important role in the transcriptional regulation of HSPs in the heart of newly hatched chicks during transport stress.
HSPs have a protective effect on tissues during stress and help to maintain cellular metabolism and structural integrity. Studies have shown that during stress-induced heart injury, HSP60, HSP70 and HSP90 significantly increased in the heart, which play a protective role Yu et al., 2008; Takada et al., 2010; Tamaki et al., 2011; Xing et al., 2017) . HSP90 can serve as an important marker and protective protein under stressful environmental conditions (Zhao et al., 2013) . Under cold conditions, the mRNA levels of HSP70 and HSP60 in the heart were significantly elevated at < 3 h cold stress, and HSP60 and HSP70 were decreased markedly at > 3 h cold stress (Zhao et al., 2013) . Additionally, regarding the transport stress of pigs, HSP70 and HSP60 exert important protective effects on the pig heart . In the present study, the mRNA expression levels of most HSPs (including HSP25, HSP40, HSP47, HSP60, HSP70, HSP90 and HSP110) in the heart of 2 h transport-treated newly hatched chicks were up-regulated. After 8 h of transport stress in newly hatched chicks, the transcription levels of the same HSPs were reduced in the heart. It was also found that the changes in the HSP60, HSP70 and HSP90 protein levels had a similar tendency. These results were consistent with those previous studies Yu et al., 2008; Zhao et al., 2013) . Furthermore, according to PCA analysis, we hypothesized that HSP70 and HSP90 might play a major role in the heart damage of newly hatched chicks induced by transport stress.
Induction of the HSR leads to the rapid and robust expression of molecular chaperones and other cellprotective pathways to protect nascent chain synthesis and folding, to prevent misfolding and aggregation, and to promote recovery from stress-induced damage (Morimoto, 2011) . HSR, as a pro-survival pathway, protects healthy cells from stressors such as cold, heat, UV light and environmental toxins. Cells can counteract the negative effects of stressors through the upregulation of the HSR. Cardiomyocytes activate this cytoprotective mechanism to presumably protect themselves from transport stress through the transcription of HSPs. Here, we confirmed that 2 h transport stress could induce the upregulation of the cytoprotective HSR. This could lead to an increase in basal HSP levels (HSP60, HSP70 and HSP90) and counteract the negative effects of transport stress in newly hatched chicks. Strategies to upregulate the HSR in the heart of 2 h transport-treated newly hatched chicks are an adaptive process. However, after 8 h of transport treatment in newly hatched chicks, transport stress disrupted the HSR, leading to heart damage. Under baseline conditions (8 h of transport stress), the cytoprotective HSR was blocked in chick cardiomyocytes, leading to the increase in serum CK activity and NO production.
In summary, transport stress causes heart damage in newly hatched chicks. The negative effects of transport stress are attributed to the inhibition of the cytoprotective HSR and an increase in NO production. Transport stress augments NO generation through enhancing the activity of NOS and the transcription of NOS isoforms. Under baseline conditions (2 h of transport stress), the activation of the HSR in the heart can counteract the negative effects of transport stress. Under baseline conditions (8 h of transport stress), transport stress induced heart damage by blocking the cytoprotective HSR.
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